Cytogenetics played an essential role in studies of chromosome structure, behavior, and evolution in numerous plant species. The advent of molecular cytogenetics combined with recent development of genomic resources has ushered in a new era of chromosome studies that have greatly advanced our knowledge of karyotypic diversity, genome and chromosome organization, and chromosomal evolution in legumes. This review summarizes some of the achievements of cytogenetic studies in legumes in the Phaseoloid clade, which includes several important legume crops such as common bean (Phaseolus
C
hromosomes are complex structures of condensed DNA associated with proteins and ribonucleic acid (RNA) molecules that ensure proper gene regulation and expression, cell division, DNA replication, recombination, and transmission of genetic information to subsequent generations. During mitosis and meiosis, chromosomes condense to the point where they can be seen using conventional light microscopy. In classical cytogenetics, the use of staining or banding techniques to visualize chromosome structure allowed one to investigate karyotype, chromosome behavior, pairing during meiosis, and abnormalities to any of these features and processes.
In the late 1960s, the introduction of DNA in situ hybridization techniques led to the modern molecular cytogenetics era. The technique of in situ hybridization uses labeled nucleotides of interest, called probe DNA, to hybridize to complementary DNA of chromosomes. Signal detection was first conducted by radiationbased methods until the advent of fluorescence-based methods in the early 1980s dramatically improved the efficacy of in situ studies (Jiang and Gill, 2006) . Currently, fluorescence in situ hybridization (FISH) targets include interphase nuclei, somatic chromosomes, meiotic chromosomes, and extended DNA fibers. Recent advances in FISH enable one to distinguish and identify individual chromosomes, integrate genetic maps with specific chromosomes, compare physical and genetic distances, analyze distribution of repetitive DNA throughout a genome, associate genes or specific DNA sequences to physical positions on chromosomes, and determine genome origins in hybrids (de Jong et al., 1999; Jiang and Gill, 2006; Ohmido et al., 2010a; HeslopHarrison and Schwarzacher, 2011) .
Among the legumes, the Papilionoid subfamily contains a majority of the agriculturally important legume species . It is grouped into two different subclades, the Galegoid (cool season legumes) and the Phaseoloid (warm season legumes), which diverged approximately 50 million years ago (Doyle and Luckow, 2003; Choi et al., 2004; Bertioli et al., 2009) . To date, numerous cytogenetic studies have been conducted involving legumes, particularly those that are agriculturally and economically important. In this paper, we focus on cytogenetic research in the Phaseoloid clade and discuss its role within the context of legume genetics and genomics.
Nuclear DNA Content and Chromosomes of Legumes
Chromosomes evolve structurally by rearrangements involving DNA breakage such as fission, fusion, duplication, deletion, insertion, translocation, and inversion as well as expansion of repetitive DNA sequences (SanMiguel et al., 1996; Kim et al., 2005; Piegu et al., 2006; Schubert, 2007; Heslop-Harrison and Schwarzacher, 2011) . In plants, polyploidization is also a common mechanism resulting in karyotypic diversity. As a result, chromosomes may vary in their number, size, and morphology, even amongst closely related species.
In the Galegoid clade, the common chromosome number is either 2n = 2x = 12, 14, or 16 (Table 1) , and pigeonpea. The exception is the Glycine species where most are 2n = 4x = 40 that is due to polyploidy event at the base of the genus followed by chromosome loss and diploidization of the genome (Danna et al., 1996; Singh et al., 2007; Schmutz et al., 2010) . Synteny analyses between soybean and common bean and between soybean and cowpea indicate that the soybean genome has undergone extensive chromosomal rearrangements following the whole genome duplication event (Lin et al., 2010; McClean et al., 2010) .
In addition to the Glycine species, other species have also undergone genomic structural changes. For instance, the genome size of hyacinth bean [Lablab purpureus (L.) Sweet subsp. purpureus (syn. Dolichos lablab L.)] is approximately 367 Mb, much smaller compared to most other closely related species, but does not appear to be due to reduction in chromosome number (Bennett and Smith, 1976; Fig. 1A) . The chromosome number of winged bean [Psophocarpus tetragonolobus (L.) DC.] has been reduced to 2n = 2x = 18, indicating the possibility of chromosomal fusions and/or large-scale chromosomal rearrangements. Chromosomal reduction is also found in three Phaseolus species with 2n = 2x = 20 (Phaseolus leptostachyus Benth., Phaseolus micranthus Hook. & Arn., and Phaseolus macvaughii A. Delgado) Delgado-Salinas, 1998, 2000) . It is still unclear what caused these chromosomal variations although chromosomal fusion is an obvious hypothesis where the chromosome number is reduced.
Studies on Polytene Chromosomes
Polytene chromosomes represent special chromosomal structures composed of numerous sister chromatids that result from repeated endoreduplication cycles. Polytene chromosomes have been found in specialized tissues of a few plant species. In fact, most of the studies have been done in Phaseolus and Vigna species in embryo suspensor cells and anther tapetum cells, respectively (reviewed in Carvalheira, 2000; Guerra, 2001) . Plant polytene chromosomes are different from those in Drosophila species by several aspects such that they have only condensed and decondensed regions without distinctive transverse banding patterns. In runner bean, polytene chromosomes are observed in embryo suspensor cells and are up to 30 times longer than the mitotic chromosomes (Nagl, 1974) . Further cytogenetic characterization of polytene chromosomes in Phaseolus and Vigna species have been conducted by staining polytene chromosomes with Ag, Giemsa, GC-specific fluorochrome, chromomycine A 3 , and AT-specific fluorochrome 4',6-diamidino-2-phenylindole (Schweizer and Ambros, 1979; Zheng et al., 1993; Carvalheira and Guerra, 1994) . Minisatellites, microsatellites, ribosomal DNAs (rDNAs), telomeric sequence, and a phaseolin gene were mapped onto polytene chromosomes using FISH (Schumann et al., 1990; Nagl, 1991; Nenno et al., 1993 Nenno et al., , 1994 Nenno et al., , 1996 Nenno et al., , 1998 Guerra et al., 1996) .
Chromosome Identification in Legumes
Chromosome identification is essential for cytogenetic studies; however, it can be challenging, especially for species with small chromosomes. The Phaseoloid legumes are not exceptional as diminutive chromosome size has hampered chromosome identification and studies in many species (Fukui and Iijima, 1991; Schubert et al., 2001 ). However, FISH using chromosome-specific DNA or repeats as probes has helped to overcome this difficulty, and cytogenetic maps have been constructed for common bean and soybean (Pedrosa et al., 2002; Fonsêca et al., 2010; Findley et al., 2010) . In the soybean karyotyping system, multiple centromeric satellite repeats and chromosome-specific bacterial artificial chromosome (BAC) clones were used to simultaneously distinguish all 40 chromosomes (Findley et al., 2010) . Furthermore, the FISH-based karyotyping system was used to identify chromosomal rearrangements, including translocations between chromosomes 11 and 13, between soybean and its wild progenitor, Glycine soja Siebold & Zucc. (Findley et al., 2010) . Fluorescence in situ hybridization-based karyotyping with repetitive sequences as probes would be applicable to other legume species with small chromosomes; however, success depends on whether sufficient repetitive sequences with different chromosomal distribution in their genome can be found to be used as a FISH probes.
Chromosomal Distribution of Ribosomal DNA Genes
Fluorescence in situ hybridization experiments using rDNA genes as probes have been done in numerous plant species. The 18S-5.8S-25S rDNA occurs in tandem arrays in one or several chromosomal regions known as a nucleolar organizing regions (NORs). 5S rDNA is tandemly organized in one or several regions, usually independent from NORs (Flavell, 1986; Dvorak et al., 1989) . Ribosomal Arrow and arrowhead indicates low and high intensity signals of 5S rDNA, respectively. Douglas A. Johnson at University of Ottawa provided the 18S rDNA clone from soybean and the 5S rDNA clone was from common bean. Mitotic chromosome preparation and imaging were performed as described in Iwata et al. (2013) . Fluorescence in situ hybridization was performed as described in Walling et al. (2005) . 18S and 5S rDNA were labeled with biotin and digoxigenin detected with Streptavidin Alexa Fluor 488 (Invitrogen) and Anti-digoxigenin-rhodamine (Roche), respectively. Chromosomes were counterstained with 4',6-diamidino-2-phenylindole. Scale bar is 5 μm.
DNAs have undergone rapid evolution by changing both copy numbers and chromosomal locations in plant genomes (Schubert and Wobus, 1985; Raina and Mukai, 1999; Pedrosa-Harand et al., 2006; Chung et al., 2008) . Therefore, rDNA-FISH has been used as a tool to identify and understand chromosomal organization, analyze phylogenic relationships, and study chromosomal evolution within and between related species. In Phaseoloid legumes, 18S-5.8S-25S and 5S rDNA distributions were previously observed in Phaseolus species including common bean (Moscone et al., 1999; Pedrosa-Harand et al., 2006; Altrock et al., 2011) , cowpea (Galasso et al., 1995) , Glycine species including soybean (Krishnan et al., 2001 ), winged bean (Chaowen et al., 2004) , and pigeonpea (Varshney et al., 2011) . Most interestingly, despite the recent whole genome duplication, soybean has only one 18S-5.8S-25S and one 5S rDNA locus, located on separate chromosomes (Krishnan et al., 2001 ). This could have resulted from loss of 18S and 5S rDNA loci after whole genome duplication, which is compatible with recent synteny analysis indicating extensive chromosomal rearrangements following the whole genome duplication of the soybean genome.
18S-5.8S-25S rDNA loci are known to be preferentially present on short arms and at chromosomal termini in angiosperms (Lima-de-Faria, 1976; Sousa et al., 2011) . However, winged bean and pigeonpea both possess major 18S-5.8S-25S rDNA loci at proximal regions (closer to centromeres) (Chaowen et al., 2004; Varshney et al., 2011) . Our rDNA FISH analysis of hyacinth bean reveals five 18S-5.8S-25S rDNA loci and one 5S rDNA locus (Fig. 1A) . Like pigeonpea, 5S and 18S-5.8S-25S DNA loci are both located on chromosomal short arms with the 18S-5.8S-25S rDNA locus being proximal to the centromere and 5S rDNA at the chromosomal terminus. This pattern is not seen in common bean and cowpea, which have 18S-5.8S-25S rDNA at chromosomal termini and 5S rDNA proximally located on the same chromosome. Variation in rDNA loci has been postulated to occur by several different mechanisms that can occur alone or in a combination, which include chromosomal rearrangements, unequal crossovers, and/or transposition (Schubert and Wobus, 1985; Hall and Parker, 1995; Krishnan et al., 2001; Raskina et al., 2004 Raskina et al., , 2008 Lysak et al., 2006; Schubert, 2007) . Mobility of rDNA loci does not necessarily result in large-scale changes to chromosome structure (Abirached-Darmency et al., 2005) . We hypothesize that chromosome rearrangements or transpositional events of rDNA loci occurred after the divergence of common bean and cowpea from hyacinth bean as rDNA loci in winged bean are dissimilar to the other species.
Polymorphisms in rDNA loci within the genus or the species are common (Moscone et al., 1999; Hayasaki et al., 2001; Raskina et al., 2004; Pedrosa-Harand et al., 2006; de Moraes et al., 2007; Chung et al., 2008) . Interestingly, extensive variation of 18S-5.8S-25S rDNA loci were observed within common bean (Pedrosa-Harand et al., 2006) , which suggests that amplification of 18S-5.8S-25S loci occurred within Andean gene pool before domestication. The comparison of 5S rDNA loci between pigeonpea and its wild relative, Cajanus scarabaeoides (L.) Thouars (showy pigeonpea), also show interspecific variation in copy number (Fig.  1B) . Both accessions showed one 5S and two 18S-5.8S-25S rDNA loci, with the single 5S rDNA residing on the same chromosome as the lower intensity 18S-5.8S-25S locus. We found variation in FISH signal intensities of 5S rDNA between homologous chromosomes in two out of three C. scarabaeoides individuals but not in pigeonpea. (Fig. 1C) . Variation in the size and intensity of FISH signals is generally considered to have positive correlation to copy number of the repeat family (Appels et al., 1980; Murata et al., 1997; Cerbah et al., 1998) . The relative intensities of fluorescent signals from homologous chromosomes in C. scarabaeoides indicate that one homolog has a greater copy number of 5S rDNA than the other. Polymorphisms in rDNAs and repetitive sequences between homologous chromosomes have been observed in outbreeding species such as the genera Secale and Lolium as well as switchgrass (Panicum virgatum L.) (Thomas et al., 1996; Cuadrado and Jouve, 2002; . Natural outcrossing, up to 70%, occurs in pigeonpea and wild Cajanus species dependent on germplasms and geography (reviewed in Saxena, 2005) . Therefore, heterozygosity of 5S rDNA in C. scarabaeoides might be due to natural outcrossing of this species.
Chromosomal Distribution of Repetitive DNA
Repetitive DNA sequences constitute a large portion of most plant genomes, which can give rise to variation in genome size and content among related species. Repetitive DNAs include tandem repeats (e.g., satellite repeats) and dispersed repeats (e.g., DNA transposons and retrotransposons). In particular, long terminal repeat retrotransposons are one of the most significant fractions of many plant genomes (SanMiguel et al., 1996; Vicient et al., 1999) . Repetitive sequences are often densely clustered in heterochromatic regions of chromosomes, for example, pericentromeres (Kulikova et al., 2001; Lin et al., 2005; Hansen et al., 2005; Staginnus et al., 2007) . These regions play a crucial role in maintaining genome integrity by suppressing transcription of genes, recombination, and potentially harmful transposable elements (reviewed in Grewal and Jia, 2007) . Lin et al. (2005) reported that pericentromeric heterochromatic regions of soybean consist almost exclusively of repetitive sequences, such as tandem repeat STR102 and other retroelements conserved only in soybean and its close wild relative G. soja, indicating a rapid evolution of these repetitive sequences. However, after the genome was sequenced, nearly one-third of the approximately 46,000 genes are found in these heterochromatic regions (Schmutz et al., 2010) .
Typical plant centromeres are composed of centromere-specific satellite repeats and retrotransposons (Jiang et al., 2003) . Thus far, centromere-specific satellite repeats have been identified in soybean, common bean, and cowpea (Galasso et al., 1995; Gill et al., 2009; Findley et al., 2010; Tek et al., 2010; Iwata et al., 2013) . These satellite sequences do not share homology among the three species, indicating their fast-evolving nature. In fact, satellite repeats within soybean are only conserved in its wild annual relative, G. soja but not in other perennial Glycine species (Gill et al., 2009) . In addition to the satellite repeats, centromere-specific retrotransposons have been identified in soybean (Tek et al., 2010; Du et al., 2010) .
Satellite repeats have been found in subtelomeric regions in common bean (David et al., 2009) . A 528-bp satellite repeat, named khipu, was identified from disease resistance (R) gene clusters (David et al., 2009) . B4 and Co-2 R regions at the end of LG-B4 and LG-B11 contain R genes including coiled-coil nucleotide-binding siteleucine-rich repeat (CNL) genes. Khipu is interspersed between CNL sequences in R gene clusters and also present at adjacent heterochromatic knobs. Interestingly FISH on pachytene chromosome shows khipu localization is not only restricted in these two regions but is also distributed at most chromosomal termini coincident with cytologically visible heterochromatic knobs. Khipu is conserved among the Phaseolus species. To date, no other satellite repeats in subtelomeric regions have been identified in Phaseoloid legumes.
Conclusion and Future Prospective
Given the increasing demand for agricultural production, it is necessary to unravel the complex genomic organization of crop species to more efficiently use genomics in breeding strategies. Classical and molecular cytogenetics has played an important role in advancing our knowledge of genomic and chromosomal structure of legume species. However, information is still limited to a few model species, and our understanding of legume chromosomes lags behind other systems.
An impressive array of genomic resources have been developed for legumes, including complete genome sequences, BAC libraries, molecular markers, and transcriptome data (Young and Bharti, 2012; Varshney et al., 2013) . The combination of genomic resources and molecular cytogenetics can facilitate a greater understanding of legume genomes and chromosomes. Cross-species BAC-FISH has played an important role in understanding chromosomal evolution in multiple plant species including legumes (Tang et al., 2008; Bonifacio et al., 2012; Peters et al., 2012; Szinay et al., 2012) . We believe BAC-FISH studies will continue to be used to confirm and characterize chromosome structure and rearrangements and provide insight into chromosomal evolution in legumes.
Repetitive sequences, in particular, retrotransposons, are major genomic components of plant genomes (SanMiguel et al., 1996; Vicient et al., 1999) . They evolve rapidly and can mold species-specific genomes (SanMiguel et al., 1996; Kim et al., 2005; Vitte and Panaud, 2005; Piegu et al., 2006) . Retrotransposons have been characterized at chromosomal level in only a few legume species (Galasso et al., 1997; Lin et al., 2005; Tek et al., 2010; Du et al., 2010; Ohmido et al., 2010b) . Genomic analysis and molecular cytogenetics will allow researchers to identify and characterize chromosomal distribution of repetitive sequences, which will provide insights into the influence of repetitive sequences on the structure and function of legume genomes.
Molecular cytogenetics now enables one to study epigenetic modifications associated with chromosomal structures and genome organization. Epigenetic modifications such as histone modifications and DNA methylation have been shown to be important for gene regulation and functional chromosomal regions (Li et al., 2008; Birchler and Han, 2009; Kim et al., 2009; Wu et al., 2011; Castel and Martienssen, 2013; Gent et al., 2012 Gent et al., , 2013 Grimanelli and Roudier, 2013) . Immunofluorescence has become an essential tool to associate epigenetic modifications with centromeres, heterochromatin, and euchromatin in plants (Jasencakova et al., 2003; Fransz et al., 2006; Zhang et al., 2008a Zhang et al., , 2008b . In rice (Oryza sativa L.), the association between chromosomal structure, recombination frequency, gene expression, repetitive sequences, and epigenetic modifications has been shown using molecular cytogenetics, genomics, and chromatin immunoprecipitation-based assays (reviewed in Yan and Jiang, 2007) . Epigenetic modifications on chromosomes do not seem to be universal across species or even within the plant kingdom (Fuchs et al., 2006) , and therefore, it will be interesting to investigate epigenetic modifications associated with chromosome structures, gene expression, and repeat distribution in legumes.
